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• Selenite treatment results in higher selenium accumulation in grains than selenate 18 treatment 19
• For both selenite and selenate treatments, selenium in grains is exclusively organic 20 selenium compounds 21
• For humans, selenite treatment increases bioavailable selenium in grains 22
• Selenate is the best supplement to enrich Zea mays forage for bioavailable selenium 23 1. INTRODUCTION 42 Selenium (Se) is an essential micronutrient in human and animal diets. More than 20 43 selenoproteins or selenoenzymes are involved in normal metabolism and selenium has also 44 been proposed to lower the risk of cardiovascular diseases and cancer (Rayman, 2008 ; 45 Thomson, 2004) . Food is the principal route of selenium intake. Meat and seafood contain the 46 highest amounts of selenium, with 0.4-1.5 µg per gram (Rayman, 2008) , but cereals, fruits 47 and vegetables are also good food sources. Selenium enters the food chain through plants and 48 especially crops, which are part of the diet of both primary and secondary consumers. 49 Selenium concentrations in food, including crops, depend not only on selenium 50 concentrations in agricultural soils (which vary considerably between countries and regions) 51 but also on selenium phytoaccessibility controlled by many abiotic and biotic factors such as 52 soil pH, redox conditions, organic matter content, microbial activities, irrigation and 53 compaction. In some countries or regions, low selenium levels in soil lead to low 54 concentrations in feed or forage, which in turn can result in selenium deficiency in livestock 55 and humans. For example, the average selenium intake is only 36 µg per day in France, 34 µg 56 per day in the UK and 35 µg per day in Sweden (Rayman, 2008) ; these levels are below the 57 recommended dietary allowance of 40 to 70 µg per day (World Health Organization et al., 58 1996) . To increase selenium levels in human and animal diets, several processes have been 59 developed including mineral supplementation, genetic biofortification (plant breeding) and 60 finally, the option chosen here, agronomic biofortification of food or forage. 61
In contrast to humans, the role of selenium for plants is more ambiguous, although studies 62 on young plants have led to a better understanding of selenium pathways in higher plants ( Canada, 2000). However, due to a lack of data on the bioavailable fraction across all food 98 products, the recommended daily dietary allowances of selenium for humans are based only 99 on the total selenium concentration, without taking into account the speciation. The two 100 percentages (90% and 50%) estimated by Thomson (2004) are a "pseudo reference" value 101 used in the present study to evaluate the selenium bioavailability in our so-called "organic" 102 and "inorganic" fractions in Zea mays plants. In the present study, we investigated selenium enrichment in Zea mays grains grown in a 120 hydroponic system. Cereal grains are rich in phytic acids, known for their antioxidant roles in 121 humans and which strongly bind mineral and trace elements (Hurrel, 2003) . Zea mays grains 122 contain more of this compound than wheat grains (Egli, Davidsson, Juillerat, Bearclay & 123 Hurrell, 2003) . Moreover, Zea mays is the most widely cultivated cereal in the world, 124 producing mainly forage and grains for animal feed but also grains as well as derived products 125 for human consumption. In Malawi, for instance, 50% of the diet is derived from Zea mays 126 (Chilimba et al., 2011). Consequently, the limited data available on selenium accumulation in 127
Zea mays grains has been obtained in specific locations (selenium-deficient (Chilimba et al., 128 2011) or seleniferous areas) or for Se-supplemention, fly-ash for example (Mbagwu, 1983) . 129
MATERIALS AND METHODS 137

Seed germination and culture conditions 138
Three weeks after germination, Zea mays sups.mays (L.) corn seedlings were cultivated in 139 hydroponic conditions in 20 L plastic tanks filled with a modified Hoagland nutrient solution 140 consisting of KNO 3 (3 mmol.l -1 ), Ca(NO 3 ) 2 .4H 2 0 (2.72 mmol.l -1 ), NH 4 NO 3 (2 mmol.l -1 ), NaCl 141 (0.2 mmol.l -1 ), KH 2 PO 4 (0.98 mmol.l -1 ), MgSO 4 .7H 2 0 (0.70 mmol.l -1 ), (NH 4 ) 6 Mo 7 O 24 .4H 2 O 142 (0.04 µmol.l -1 ), H 3 BO 3 (24 µmol.l -1 ), MnSO 4 (13 µmol.l -1 M), ZnSO 4 (6 µmol.l -1 ), CuSO 4 (1.5 143 µ mol.l -1 ) and FeEDDHA (6%) (4 µmol.l -1 ). Two nutrient solutions were supplemented with 144 12 µmol.l -1 selenium as either Na 2 SeO 4 or Na 2 
Statistical analysis 207
In our study, the number of samples was less than 30 (i.e. five plants). Non-parametric 208 tests were used for the statistical analysis. The significance of the effect of treatment 209 conditions was determined with a bilateral Mann-Whitney test (to compare 2 groups) or Kruskal-Wallis test (to compare more than 2 groups), with an alpha risk equal to 0.05. These 211 tests calculated the probability P of the difference between groups being random. P values less 212 than 5% were considered statistically different. In the figures, the results of statistical tests are 213 represented by the letters a, b and c. In this study, values are presented with the median (Q1; 214 Q3). 215
RESULTS 216
Biomass production 217
Plant growth was monitored throughout the experiment by measuring leaf area, internode 218 size and dry weights after harvest and drying. 219
Before day 20 and after day 75, there was no significant difference in the leaf areas 220 between the three treatments (Figure 1.A) . However, between days 30 and 70, the leaf area of 221 Se IV -T plants was on average 42% smaller than for control plants. At the end of experiment, 222 the internode size of each plant was measured (Figure 1.B) . For Se IV -T, the internodes No. 3 223 to No. 9 were on average 2.3 (1.7; 2.5) times shorter than those of control plants. The largest 224 difference was measured for the seventh internode, which was 2.9 times smaller in Se IV -T 225 plants versus controls. 226
Moreover, again for Se IV -T, the biomass production of plants (Figure 2 .A) as well as the 227 biomass production of shoots (data not shown) was about 70% less than C-T plants. 228
For grains, dry weights decreased by 60% and 80% in Se VI -T and Se IV -T plants, respectively, 229 compared to the control plants (Figure 2.B) . The grain number produced by each plant 230 (Figure 2.C) decreased significantly (70%) with selenite. Biomass allocation was affected by 231 selenium; the ratio of grain dry weights to shoot dry weights was less with both selenium 232 treatments compared with C-T. In fact, grain biomass for the C-T plants represented 33% of 233 aerial biomass, but fell to 21% when selenium was present in the nutrient solution. 234 235
Uptake and accumulation of total selenium in Zea mays 236
The total selenium concentration in the plant is the sum of the selenium concentration in each 237 tissue (Figure 3) . Supplementation with selenite versus selenate resulted in significant 238 differences in the distribution of selenium in whole plants and between tissues: in whole 239 plants, selenium concentration was 68% higher in Se IV -T versus Se VI -T plants, with selenium concentrations of 210 µg.g -1 (156; 225) and 125 µg.g -1 (103; 126), respectively (Figure 3A) . 241
Similarly but to a greater extent, selenium concentrations in roots were much higher (675%) 242
in Se IV -T versus Se VI -T plants (Figure 3.B) ; and selenium concentrations in grains were 1.7 243 times greater, i.e. 73%, in Se IV -T versus Se VI -T plants (Figure 3.E) . Conversely, selenium 244 concentration in leaves was 73% lower in Se IV -T compared to Se VI -T plants (Figure 3.D) . 245
Regardless of the inorganic form of selenium, the selenium concentrations in stems were 246 similar (Figure 3.C) . 247
Based on the data for each tissue of Zea mays plants (Figure 3) , we calculated the 248 selenium concentration in shoots (stems + leaves) and in tops (stems + leaves + grains). In 249 shoots and tops, selenium concentrations were 72 µg.g -1 (66; 80) and 86 µg.g -1 (86; 88) after 250 selenite treatment, and 151 µg.g -1 (114; 154) and 126 µg.g -1 (105; 130) after selenate 251 treatment, respectively. 252
Following root uptake, selenium can be redistributed to various degrees in the different plant 253 tissues. The translocation factor 'root-tops' (ratio of tops to roots concentrations) reflects the 254 capacity of selenium to be transferred to roots from aerial tissue. This ratio was lower with 255 selenite (0.13 (0.12; 0.13)) than with selenate (1.45 (1.16; 1.49)). The translocation factor 256 'shoot-grains' (ratio of grains to shoots concentrations) reflects the capacity of selenium to be 257 transferred to aerial vegetative tissue from grains. This ratio was higher with selenite (2.03 258 (1.66; 2.09)) than with selenate (0.51 (0.49; 0.53)). 259
Selenium amount (i.e. quantities in µg per plant or tissues) in tissues not only depends on 260 selenium concentrations but also on the biomass, which can vary considerably from one tissue 261 to another. Therefore, selenium amounts in each tissue provide important information about 262 selenium uptake by the plant. Selenium levels in whole plants were similar for selenite (4278 263 µg (4031; 5452)) and selenate (4813 µg (3833; 5418)). For selenate-treated plants, tops 264 accounted for more than 90% of the total selenium amount, with around 50% of total selenium found in the leaves (Figure 4) . After selenite treatment, selenium amounts in the 266 three tissues differed dramatically: selenium amount in tops was low (about 40% of total plant 267 selenium) whereas around 60% of total plant selenium was found in the roots. Regardless of 268 the form of selenium supplied in the nutrient solution, selenium amount in grains represented 269 15% of total plant selenium. 270 271
Rate of selenium metabolization in Zea mays 272
Concentrations of inorganic selenium species were determined after protease hydrolysis and 273 are presented in Table 1 . The organic selenium fraction (i.e. pool of various organic selenium 274 species) was estimated as the difference between total selenium extracted by protease 275 hydrolysis and the sum of the inorganic species. This estimation is satisfactory for stems, 276 leaves and grains because the efficiency of enzyme hydrolyis is high, approximately 90%. In 277 roots, where the efficiency of enzyme hydrolyis is only about 35%, the fraction of non-278 extractable selenium corresponds to chemically or physically sequestered organic selenium; 279 the percentage of inorganic selenium species is slightly over-estimated in this case. 280
After selenite treatment, neither selenate nor selenite was detected in any of the plant tissues. 281
Conversely, after selenate treatment, no trace of selenite was detected, but selenate was 282 identified in roots, stems and leaves, with a higher percentage in stems and leaves (54 ± 16% 283 and 39 ± 9%, respectively) than in roots (20 ± 5%). Finally, whatever the form of selenium 284 supplied, selenium was converted completely to organo-selenium compounds in grains. 285 286 4. DISCUSSION 288
Crop growth of Zea mays 289
Leaf area is used to monitor aerial biomass production throughout plant development. 290
Changes in leaf area usually follow three successive stages also observed in the three 291 treatments of our experiment: 1) a growing stage where aerial biomass production is 292 exponential, 2) a reproductive stage where foliar development becomes weak or null, and 3) 
Uptake, accumulation and speciation of selenium in Zea mays 318
To control for possible volatilization of selenium from the plant tissues, which could also 319 result in a decrease in selenium content, condensate samples were collected throughout the 320 experiments. Selenium concentrations measured in those condensate samples (data not 321 shown) indicated that Zea mays does not significantly volatize selenium, which is why this 322 factor is not taken into account in the remainder of the discussion. 323
Although selenate is the most mobile form of selenium, the total selenium concentration in 324
Zea mays was higher in the presence of selenite (selenium concentration 12µ mol.l -1 ). 325
However, as significant toxicity was manifested as a reduction in biomass production, the 326 accumulated selenium in whole plants was similar with both selenate and selenite treatments. showed that on average, 60 to 100% of selenium in leaves and roots is selenate. In the results 360 presented by Ximenez et al. (2004) in India mustard, the selenate form represents 30% in 361 roots and 90% in shoots; moreover in sunflower, selenate in leaves (35%) is similar to that in 362 Zea mays, and is also less than in the stems (97%). Thus, in our study, the metabolization rate, 363 which is higher than in the literature, can probably be attributed to the difference in the 364 developmental stage, which was more advanced in our case. This increased metabolization of 365 selenate in fully developed mature plants could be explained by 1) increased enzymatic 366 generation (increase in the amount synthesized or in the activity rate of enzyme) and/or 2) a 367 decrease in selenate absorption at the reproductive stage involving a larger proportion of 368 selenate metabolized. 369
In the literature, selenium accumulation in grains has been studied mainly in wheat or rice 370 ). These differences are probably due to the growing conditions, specifically the 386 soils or hydroponic solution. In our study, the hydroponic experiments allowed us to study the process of uptake in roots and translocation to shoots, which cannot be clearly identified in 388 soil due to its complex composition. Another explanation may be that phytic acid (a chelating 389 compound for trace elements) concentrations are higher in Zea mays grains than, for example, 390 in wheat grains (Egli et al., 2003) , causing Zea mays to accumulate more selenium. . 391 barley grains treated with selenite were on average 1.6 times higher than in straw (Gissel-407 Nielsen, 1986). Thus, with selenite supplementation, grains appear to be a secondary tissue 408 for selenium storage after the roots. 409
These findings suggest that the use of selenite fertilizer could be attractive because (i) after 410 roots, selenium accumulates principally in grains; (ii) selenite is less mobile than selenate, 411 thereby enriching the soil in selenium at each fertilization, meaning that in the long term, 412 plants grown on this soil will be enriched in selenium without the use of Se-fertilizers; and 413 (iii) the low mobility of selenite also limits selenium dispersion in the surrounding 414 environment. Moreover, another technique involving foliar application of selenite was found 415 to be more effective than granular fertilization for soybeans (Yang, Chen, Hu & Pan, 2003) . 416
Although not confirmed for rice (Hu, Chen, Xu, Zhang & Pan, 2002) , it would be interesting 417 to test this technology with Zea mays. 418
419
To improve dietary intake of selenium, the amount of selenium ingested is important but 420 the quality and quantity of bioavailable selenium are also key factors. According to Thomson 421 (2004) , the bioavailability of organic selenium is 90% compared with 50% for selenite or 422 selenate. Based on these data, we calculated selenium bioavailability for humans and animals 423 in Zea mays in our experiment ( Table 2) . selenomethionine represents around 80% of the total selenium in grains of sesame, wheat and 430 pumpkin, respectively. Consequently, the evaluation of bioavailable selenium for humans is 431 straightforward because bioavailable organic selenium accounts for 90% of total selenium in 432 grains. In our study, the bioavailable selenium per plant did not differ according to the form of 433 inorganic selenium supplied ( Table 2) . However, despite a decrease in grain biomass for the 434 selenite treatment at 12 µM, the bioavailable selenium concentration in grains was higher than 435 with selenate. In fields with granular selenium fertilization, selenium concentrations in wheat 436 or barley grains were higher with selenate than with selenite fertilizer (Gupta & Winter, 1989; Singh, 1991) . This difference is probably due to the fact that, in soil, selenite has lower 438 mobility and so is less bioavailable for plants compared to selenate. However, selenite can 439 enrich soil over the long term and avoid environmental pollution. Our results show that, at 440 equal ratios (i.e equal grain mass), and despite an observed decrease in grain biomass 441 production, the grains treated with selenite supply 73% more bioavailable selenium than those 442 treated with selenate ( Table 2) . Selenite is, therefore, the best treatment to enrich grains with 443 bioavailable selenium for animals and humans. 444
All aerial parts of plants (stems + leaves + grains = tops) are used as forage for livestock. To 445 evaluate the bioavailable selenium for animals in our Zea mays plants, it was necessary to 446 take into account not only the selenium amount or concentration, but also the selenium 447 speciation. With selenite treatment, the biomass production of tops decreased, but 95% of the 448 selenium was organo-selenium whereas, with selenate, the biomass production of tops was 449 greater but the selenium was present as both organo-selenium compounds or selenate (less 450 bioavailable). So, based on selenium amount and speciation in tops, we conclude that plants 451 treated with selenate supply 148% more bioavailable selenium per plant compared to those 452 treated with selenite ( Table 2) . However, at equal ratios (i.e equal tops mass), tops treated 453 with selenite or selenate supply the same amount of bioavailable selenium ( Table 2) . Thus, 454 since selenate treatment does not affect shoot biomass, it is the best supplement to enrich 455 forage in bioavailable selenium for animals. 456 Values are means ± SD 649
